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SUMMARY

A pilot multiple nozzle (multinozzle) and duct were built and tested at
ambient enthalpy to evaluate the suitability of such apparatus for testing
thermal protection system (TPS) panels mounted in the sidewalls of the duct
downstream of the nozzle array. The flow field in the duct was complex:
effects of wakes and shock waves from the nozzles dominated the flow field; the
wakes continually mixed with the surrounding fluid; the boundary layer on the
sidewalls of the duct was nonuniform; and near the exit of the duct the sidewall
pressure variation was as much as 8.5 percent about the mean wall pressure.
Starting loads on the duct walls were higher than those of a similar conven-
tional nozzle and duct. It was concluded that the multinozzle-duct apparatus
was not suitable for testing TPS panels, although the design and flow-field
information should be of interest to designers of high-energy gasdynamic
lasers.

INTRODUCTION

The disadvantages of nozzle designs for supersonic flow based on conven-—
tional two- or three-dimensional method-of-characteristics solution contours
are well known, and include a distorted boundary layer on the sidewalls; shock-
free flow at only one enthalpy level for a given contour; relatively large,
long, expensive nozzles; and variable Mach number operation only with an expen-
sive and an extensive jack contour changing system. The multiple-nozzle
arrangement, or so-called multinozzle, was first used to develop supersonic
flow in a duct in Germany in 1945 and in England in 1947 (ref. 1). The impetus
for investigations of the multinozzle in the decade following World War II was
the low cost of changing Mach number with another set of multinozzles and,
hopefully, minimization of the undesirable secondary flows in the boundary
layer. The wakes and shock system associated with the multinozzle, however,
caused the flow to be so nonuniform that the configuration was considered
unsuitable for any aerodynamic testing, and most investigations were dlscon—
tinued for another decade or so. (See ref. 2.)

Two fairly recent applications have prompted a reevaluation of the multi-
nozzle. One application is the gasdynamic laser (ref. 3), which uses the multi-
nozzle to produce vibrational mode freezing of the gas molecules. The extremely
short length of the multinozzle is well suited for this use; indeed, efficient
high-power lasers are practical with this arrangement (ref. 4). Another poten-
tial use arises from the need for large, high enthalpy, variable Mach number
facilities for testing thermal protection panels for hypersonic and reentry
flight vehicles. The multinozzle possibly could be used for this purpose if
the test panels were mounted in the wall of the duct downstream of the nozzle
array. Such a test facility was proposed, and the pilot model apparatus
described in this report was used to evaluate the suitability of a multinozzle-
duct arrangement for testing large (about 0.6 by 1.0 m (2 by 3 £t)) flat
thermal protection panels for the space shuttle and other future hypersonic



vehicles. The ambient-enthalpy-level test apparatus was a 1/6~scale model of
the proposed test facility although the multinozzles array was 1/3 of full
scale. Fluid-dynamic phenomena that exist at both ambient and elevated enthalpy
levels were investigated with the pilot model. Areas of interest investigated
were the internal flow field and its effect on sidewall flow fields.

Use of trade names or names of manufacturers in this report does not con-
stitute an official endorsement of such products or manufacturers, either
expressed or implied, by the National Aeronautics and Space Administration.

SYMBOLS

Values of physical quantities are given in both the International System
of Units (SI) and U.S. Customary Units. Measurements and calculations were
made in U.S. Customary Units.

A exterior nozzle contour (figs. 1 and 2)
B interior multinozzle contour (figs. 1 and 2)
E nozzle exit height (figs. 1 and 2), cm (in.)
L exterior nozzle axial length (fig. 2), cm (in.)
M Mach number
v z2' 1/N
N exponent — = —
v §
o

P pressure, kPa (lb/inz)

P = P (0)
r density defect in wake, -—-—m

P
S static pressure variation, 100(— -1
Py
T temperature, K (°©R)
t thickness of wake-producing object, cm (in.)
v velocity, km/sec (ft/sec)
Vo = V(0)
W velocity defect, —V—
o0



X axial distance, cm (in.)

Xp virtual origin of wake, cm (in.)
x' axial distance along multinozzle (fig. 2), cm (in.)
Y vertical distance from apparatus center line (fig. 1), cm (in.)
y' vertical distance from nozzle center line to surface (fig. 2),
cm (in.)
y* half nozzle-throat height
Z spanwise distance from center of duct, cm (in.)
zZ! distance normal to sidewall, cm (in.)
Y isentropic exponent
§ boundary-layer thickness, cm (in.)
C) temperature defect, fﬁf%r:;ffi
o
o density, kg/m3 (lbm/ft3)
Subscripts:
a ambient
c plenum chamber
3 ejector
m mean value
(0) condition at center of the wake
t stagnation or total
1 flow conditions ahead of shock
2 flow conditions behind shock
o free-stream conditions

Designations I and II refer to nozzle shock and trailing shock,
respectively.



APPARATUS
Multinozzle-Duct Pilot Model

The test apparatus was a 1/3-scale model of a proposed full-scale tunnel.
It consisted of three nozzles, used to expand the flow, followed by a constant-
area duct. The basic geometry and dimensions of the model apparatus are shown
in figure 1. The interior nozzle is 16.51 cm (6.500 in.) long and the exterior
nozzles are 20.605 cm (8.112 in.) long and form part of the walls of the duct.
The duct is 60.96 cm (24.00 in.) long with a width of 5.08 cm (2.00 in.) and
a height of 15.24 cm (6.00 in.).

The full-scale apparatus was designed to operate from ambient enthalpy to
an enthalpy level of 8.14 MJ/kg (3500 Btu/lb) and at total pressures of from
2 to 20 atmospheres. The design point for the nozzle contour was selected as
an enthalpy level of 5.35 MJ/kg (2300 Btu/lb) and a total pressure of 10 atmo-
spheres. The hot gas would be generated by the combustion of methane, air, and
oxygen with the combustion products having a 20-percent-by-volume fraction of
molecular oxygen. The equilibrium gas properties were calculated using the
program of reference 5. These gas properties were then input into the computer
program of reference 6 to calculate the nozzle contour.

The resultant contours scaled down by a factor of 3 are shown in figure 2.
The axial coordinates are nondimensionalized by the length of the exterior nozzle
(2= 20.605 cm (8.112 in.)) and the vertical coordinates are nondimensionalized
by the half nozzle-throat height (y* = 0.1021 cm (0.0402 in.)). The subsonic
contour of the interior nozzle is circular until the Mach number reaches 0.15
after which it is elliptical to the minimum-area location. From the minimum
area to a nondimensional length X'/ % of 0.7764, the contour for both the
interior nozzle and the exterior nozzle are the same. From this point to the
exit, X'/%= 0.8013, the contour B for the interior nozzle was determined by a
hyperbolic spiral function. The exit wall angle for the interior nozzle was
1.0°. The blunt exit lip height and the shortened contour were dictated by
cooling requirements at elevated enthalpy for the full-scale nozzle. The
exterior nozzle has a full method-of-characteristics solution to its exit
with an exit wall angle of zero. The design Mach number of the nozzles is
3.787 at an enthalpy level of 5.35 MJ/kg (2300 Btu/lb) and a total pressure
of 10 atmospheres. The isentropic exponent <. varies from 1.129 at the
throat region to 1.225 at the exit of the nozzle at the design enthalpy.

The complete model test apparatus is shown in figure 3. A sketch of
the interior nozzle contour is also shown in figure 3 along with the loca-
tion and shape of the gland side seal. After the flow exits from the constant-
area duct, it enters a supersonic diffuser which has an adjustable Mach number
ejector with a long mixing tube and subsonic diffuser. The duct was fitted with
schlieren-quality glass so that the flow could be visualized and photographed.

The model apparatus, shown in figure 3 is uncooled, constructed mostly. of
aluminum, and operates using air at an ambient total enthalpy of 232.6 kJ/kg
(100 Btu/lb) to 302.38 kJ/kg (130 Btu/lb). Air was used as the test gas
because it was available in quantity and at high pressure. The use of another
gas such as freon would have been a better simulation of the isentropic exponent
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of the full-scale hot combustion products but freon or other gases were not
available for this investigation. The total pressure range of the multinozzle-
duct model was between 206.8 kPa (30 psia) and 2068 kPa (300 psia). Air was
also used to operate the single stage variable Mach number ejector. The air
was dried to a dew-point temperature of 206 K (371° R).

Instrumentation

Variations in the duct flow, generated by the multinozzle system, were
recorded photographically using a single-path horizontal Z-light-path schlieren
system that employed either a xenon light source, operated continuously or in a
flash mode, or an air—gap spark light source. The xenon light source in the
flash mode had a duration of 5 pusec while the duration of the air-gap spark
light source was 0.2 usec. Start—up of the multinozzle and duct was photo-
graphed with a high-speed camera operating at 5000 frames per second using the
xenon light source in the continuous mode and with the flow visualization system
set up as focused shadowgraph.

The flow field of the duct was surveyed with the probes shown in figure 4.
Figure 4(a) shows pitot and static pressure probes for the vertical center-line
flow-field survey. The probes were installed alternately with static and pitot
tube orifices in the same location. A photograph of one of the pitot probes
installed in the duct is shown in figure 4(b). The vertical position of the
probe was indicated by a linear potentiometer while the pressure levels were
measured with strain-gage pressure transducers. As seen in figure 4(c) the
pitot probe used to survey the sidewall boundary layer had a smaller tip and
different geometry to minimize flow disturbances. The time-invariant sidewall
pressures were obtained from measurements made with flush orifices in steel
blanks which replaced the glass windows. The locations of these orifices are
listed in table I.

The transient starting pressure loads on the sidewalls of the duct were
measured with four gages mounted flush with the inside wall of the duct. The
gages used were unbonded flush diaphragm strain-gage pressure transducers. The
gages were electrically isolated from the wall with Teflon! sleeves and gaskets.
The response of these gages was flat to 1.2 kHz with very low sensitivity to
vibratory accelerations. The gage output was filtered with an upper cutoff of
1.0 kHz and recorded on an FM tape recorder.

Test Conditions and Procedures

All of the tests were conducted at a constant total pressure of 586 kPa
(85 psia) for the multinozzle flow with the air at low enthalpy levels depending
upon ambient conditions, ranging from 290.8 kJ/kg (125 Btu/lb) to 302.4 kJ/kg
(130 Btu/lb). The ejector was operated at the same enthalpy level and a total
pressure of 3.00 MPa (435 psia). The ejector and multinozzle total pressures
were such that the flow was supersonic in the first part of the mixing tube and

Ireflon: Trademark of E.I. du Pont de Nemours & Co., Inc.



all of the supersonic diffuser. The vertical (Y) traverses with both the pitot
and static probes were made at constant total pressure and enthalpy. Measure-
ments were taken at selected positions with the pitot pressure probe; then the
static pressure probe was installed and the procedure repeated. Adequate time
for the line and gage to reach a time-invariant value was assured. The flow
was surveyed at the locations listed in table II. A similar procedure was also
used for the boundary-layer surveys except that the static pressure was measured
only at the wall. The locations of the boundary-layer flow surveys are also
listed in table II.

RESULTS AND DISCUSSION
Flow-Field Visualization

The flow produced by the multinozzle is complex with two systems of flow
disturbances, shock waves and wakes, originating from the exit region of the
nozzles as shown in figure 5. This photograph shows the boundary layer of the
nozzle in the exit region with its relatively thick turbulent structure appar-
ent. Near the exit of the nozzles is a shock wave which is designated as I.
This shock wave is primarily a result of using an arbitrary curve to turn the
flow from a wall angle of 3.5° to 1.09, and to a lesser extent, using a test
medium (air) with a substantially different isentropic exponent than that
of combustion products at the high design enthalpy level of 5.35 MJ/kg
(2300 Btu/lb). Close examination of the photograph of the flow at the exit of
the nozzle shows a pronounced expansion terminated by a shock wave. The strong
lip shock wave can be seen followed by the neck region and the trailing shock
wave which is designated as II. By examining the region immediately downstream
of the nozzle exit, the near wake and wake neck can be seen. Immediately down-
stream of the neck region the growth and structure of the wake can be seen.

The visual appearance of the wake, the growth rate, and the herringbone-like
pattern of density variations indicate that the wake is turbulent. Immediately
downstream of shock wave II, and extending around the edges of the wake, there
is a strong expansion region with the strength of the expansion decreasing with
axial length as the wake width (or height) increases. The process attentuates
the strength of the shock wave II. The flow field in the near wake and the
region downstream are complex; a more complete and thorough discussion of this
type of flow field may be found in reference 7.

The near flow field in the exit region and the flow in the duct from
X =-2.16 cm (-0.85 in.) to X = 25.65 cm (10.10 in.) are shown in the schlieren
photograph of figure 6; also the four oblique shocks from each nozzle as well as
the two wakes. It is also evident from figure 6 that there are no visible shock
waves from the exterior contours. Thus the type I shocks from the interior con-
tours could be eliminated by using a full method-of-characteristics solution to
the end of the nozzle. 1In the shadowgraph (air-gap spark light source) of the
flow field from X = 12.95 cm (5.10 in.) to X = 26.67 cm (10.50 in.), the
structure of the wakes and boundary layer can be seen in greater detail. 1In
addition to the wakes from the interior nozzle and boundary layer on the bottom
and top walls, other flow-field disturbances are visible in fiqure 7. The flow
region at the center of each nozzle contains regions of large-scale density
variations but of much lower strength than the wakes. These disturbances are
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probably caused by a slight leak of high pressure air past the nozzle seals in
the throat region resulting in jet-mixing regions. While these disturbances
may be of minor consequence at the location shown in figure 7, the flow in the
downstream regions was increasingly affected in an adverse manner by these
disturbances.

Figure 8 is a shadowgraph (air-gap spark light source) of the flow field
from X = 32.38 cm (12.75 in.) to X = 49.40 cm (19.45 in.). The density vari-
ations are much less pronounced than in previous flow-field photographs. The
wakes, nozzle flow-field disturbances from jet mixing, and the boundary layers
at the top and bottom of the duct can be observed. However, the density vari-
ations caused by the shock waves are not visible unless horizontal knife edge,
continuous-xenon-source schlieren flow visualization is used.

Multinozzle—-Duct Flow Field

The flow field shown in figures 5 to 8 is characterized by two major
disturbances -~ shock waves and wakes. The flow within each nozzle from the
subsonic approach to the supersonic exit is the same as that of a conven-
tional supersonic nozzle. Using the nozzle design procedure described for
the interior nozzle and exterior nozzle, weak compression waves are present
but are insignificant compared to the type I shock wave emanating from the
interior nozzles. This shock wave can be eliminated by using a full method-
of-characteristics solution contour. Another design defect was the O-ring
gland seal, as seen in figure 3, used to seal the high pressure subsonic air
from the low pressure supersonic flow. The seal should have extended to the
edge of the contour, which would have eliminated the jet-mixing wake that
occurred. The trailing-shock-wave strength (type II) would be minimized as
the exit-lip heights were decreased; however, the wakes would always be
present. Other multinozzle designs and evaluations are described in refer-
ences 8 to 10.

Duct Free-Stream Flow Properties

Duct free-stream flow-field surveys.- The flow field within the duct is
dominated by the disturbances that originate from the multinozzle. The flow
field was surveyed at five axial stations to define its characteristics includ-
ing types of shock waves and wakes. Vertical (Y) measurements of pitot pres-
sure, normalized by the plenum chamber total pressure, for the five axial
positions surveyed are presented in figure 9. From figure 9 the presence of
the wakes can easily be seen by the much lower pitot pressures in the wake flow
regions. The location and effect of the shock waves on the pitot-pressure dis-
tribution is not as pronounced; hence, their position was determined by xenon
continuous-mode-source schlieren photographs of the flow field. The positions
and types of shock waves are easily identified and are indicated in figure 9.
Static pressures, also normalized by the plenum chamber pressure for the same
axial stations, are presented in figure 10. Again, the shock waves are identi-
fied for easy reference. By assuming that the total temperature was constant,
calculations were made, using measured pressures, of Mach number, velocity, and
density at these same axial stations. These quantities are presented in




figures 11 to 13. The trends shown in these figures are easier to see; the Mach
number, velocity, and density in the wake regions produced by the multinozzle
are lower than the corresponding values in regions outside the wakes. The dif-
ferences between the Mach number and velocity in the wake and in areas surround-
ing the wakes are large with the difference decreasing with downstream position.
The difference in density, between that of the wake and surrounding flow areas,
is less pronounced; but the trend, with increasing axial position, is the same
as the other flow parameters. The shock waves and their effect on the flow are
seen to be of decreasing consequence with increasing axial position. The
apparatus of reference 2 has about the same Mach number and a similar Reynolds
number as the apparatus of .this investigation so that the detailed description
given in reference 2 of the significance of variations similar to those pre-
sented in figures 9 to 13 is valid for the present results. Hence, a detailed
description is not given in this paper.

Trends and comparisons with other data of the free-stream flow.- The vari-
ation in Mach number along the duct is shown in figure 14 for the centers of
both the free-stream flow and the wake flow, Y = 2.54 cm (1.00 in.) and
Y = ~-2.54 cm (-1.00 in.), respectively. The Mach number of the free-stream
fiow shown in figure 14 drops rapidly near the beginning of the duct because
of the shock waves generated by the multinozzle. After a length, X/E = 3.0,
the decrease is very gradual. The wake center-line Mach number increases con-
tinually with axial distance, although the rate of increase decreases with
length. For example, near the exit of the duct (X/E = 11.66), the wake Mach
number has reached 3.26 while the free-stream Mach number has dropped to 4.10.

The change in wake strength is plotted in terms of pitot pressures in
figure 15 as a function of nondimensional axial distance X/E. The pitot
pressure at the center of the wake P, 6 2,6 (g) divided by the local free-stream
pitot pressure P¢ 2, increases with axial length. Analogous to defining the
edge of a boundary layer, the wake width was defined as the distance between
the locations at which the Mach number, temperature, and pitot pressure are
95 percent of free-stream conditions. The width of the wake in the X-Y plane
as a function of axial distance is plotted in figure 16, which shows that the
growth of the wake is parabolic. Figures 14 to 16 indicate that the wake is
continuously growing at the expense of the surrounding fluid. Thus, if the
trends -continue with axial distance, as indicated by the experimental data,
the wake would continue to exchange momentum and energy with the surrounding
fluid, until the identity of the wake was lost.

The velocity defect W 1is plotted as 1/W2 as a function of the non-
dimensional axial distance in figure 17. The axial distance is normalized
by (X - xo)/E for the multinozzle of the present investigation and also for
the investigation of reference 2. 1In both cases E is the nozzle exit height.
The virtual origin of the wake X,, obtained by plotting X against 1/W2, is
defined as the X-intercept. Other data from references 11 and 12 are plotted
in figure 17; for these data the distances were normalized by the thickness t
of the wake-producing object. By using the data of figure 17, the velocity
defect for duct lengths longer than those investigated can be obtained by
simple extrapolation of the plotted curve or by a first-order curve fit of the
data. By using this technique, which is justified in reference 12, it was



found that the wake center-line velocity would reach 95 percent of the free-
stream velocity at a nondimensional length X/E of 18.3.

The use of similar techniques were set forth for the density defect «r
and the temperature defect © in reference 12. However, these techniques do
not yield a linear relationship of 1/r2 and 1/@2 with axial distance unless
data are used for the far-field wake only. Part of the reason for the non-
linear behavior of the density defect is the axial variation of static pres-
sure which was observed in references 2 and 12 and in the present study.
Therefore, since the data from the present study were in the nonlinear region
of the density- and temperature-defect curves, extrapolation to longer dis-
tances than those measured would be invalid.

Usually, as reported in reference 13, pressure disturbances such as shock
waves enhance the mixing process of the wake. In addition, other pressure
gradients such as those caused by boundary-layer growth can have an effect on
the phenomena of the mixing of the wake with the surrounding fluid. However,
the wakes generated by the multinozzle of reference 2 decay to a certain point,
and approach a nearly constant value of wake strength as indicated by pitot
pressure and Mach number. In reference 2 at an axial length X/E of about 18
(E in ref. 2 is 2.54 cm (1.00 in.)) the ratio of wake center-line pitot pres-
sure to that of the local free stream reaches a value of 0.58, and the wake
Mach number reaches a value of 3.48 which is 80 percent of the free-stream Mach
number; thereafter there is little or no change in the above parameters with
axial distance. However, in this investigation the wake decay neither ceased
nor asymptotically approached a constant value of wake strength; this variation
was shown in figures 15 and 17. Nevertheless, the information presented about
the flow field in the duct should be of considerable interest to designers of
high-energy gasdynamic lasers.

Duct-Sidewall Pressures

Pressures were measured on both duct sidewalls with static pressure ori-
fices located at 14 vertical locations between Y = 0.0 and +7.62 cm
(£3.00 in.) and 13 axial locations, as listed in table I. Since the flow
field was symmetrical only the sidewall pressures between the center line
and the bottom of the duct are presented. Static pressures on the walls,
normalized by the plenum—chamber pressure, are plotted in figure 18, as
functions of vertical distance at each axial location; the position of the
shock waves are also given on each plot where schlieren flow visualization
was possible. Since the free—stream static pressures were measured at five
axial locations, these data are also plotted for comparison of sidewall
pressures with free-stream pressures in the center of the duct. The static
pressure variation S about the mean local wall (or free-stream) pressure
is also plotted in figure 18. Examination of figure 18 gives insight into
the variation of static pressures on the duct sidewalls, and five compari-
sons of sidewall pressures with the static pressures at the center of the
duct in a plane parallel to the duct sidewalls. Near the exit of the multi-
nozzle and the beginning of the duct, large variations in static pressure
are evident (see figs. 18(a) to 18(d)). The variation in pressure on the
duct sidewalls is as high as 20 percent about the mean local wall pressure



at X/E = 0.282 and decreases to 15 percent or less at X/E = 3.25. The
free-stream pressure variations are more pronounced with variations as high

as 28 percent at X/E = 3.25. Examination of further downstream locations,

X/E = 4.13 to 7.16 (figs. 18(e) to 18(h)), reveals lower amplitude pressure
variations that are usually 10 percent or below unless the measurement is in
close proximity to a shock wave; then the variation may be as great as 15 per-
cent. Figures 18(i) to 18(m), X/E = 8.25 to 11.66, show pressure variations
usually less than 10 percent on the sidewalls although the free-stream flow has
a pressure variation well above 10 percent at X/E = 9.16. The last position
measured, X/E = 11.66 (fig. 18(m)), shows a pressure variation of 8.5 percent
about the mean local wall pressure on the sidewalls and up to 10 percent in the
free stream.

Variations of both the mean wall static pressure and the wall static pres-
sure beneath the wake center line divided by the plenum chamber total pressure
Py o with axial distance X/E are shown in figure 19. The mean wall pressure
increases with axial distance, and the wall pressure below the wakes is usually
greater than a least-square curve fit of the mean wall pressure and is, also,
for the most part greater than the mean local wall pressure. Thus, in addition
to the axial positive pressure gradient, there is a vertical positive spanwise
gradiant on the walls between the area under the wakes and wake-free area.

This gradiant will affect the sidewall boundary layer.

Duct-Sidewall Boundary Layer

The nonuniform boundary layer at the exit of a conventional two-dimensional
nozzle is well known. (See refs. 14 and 15.) The use of a short nozzle such
as the multinozzle would lead to the same nonuniform boundary layer, but the
boundary layer would be thinner because the nozzle could be much shorter. The
boundary-layer thickness on the multinozzle used in this investigation was cal-
culated using the method of reference 16; the calculated boundary-layer thickness
at the exit of the multinozzle was only 15.6 percent of the nozzle exit height.
Thus, although the boundary layer may be very nonuniform, the effect of the
boundary layer on the inviscid flow has been minimized. The effect of the
wakes and complex flow field in the duct downstream of the multinozzle, how-
ever, was not known. In order to determine whether or not the boundary layer
was uniform, relatively far downstream of the nozzle array, one axial position
(X/E = 9.16) and two vertical positions (one at the center line, Y = 0, and one
below a wake, Y = -2.54 cm (-1.00 in.)) were surveyed.

The Mach number distribution is plotted in figure 20 as a function of 32°',
the distance normal to the sidewall. Figure 21, shows the ratio of local to
free-stream velocity plotted for the same two locations as a function of 2!
divided by the boundary-layer thickness ¢. As can be seen in figures 20
and 21 the boundary layer is not uniform. The boundary layer at the center
line reaches a plateau of Mach number at about 1.0 cm (0.394 in.) in fig-
ure 20; the Mach number at this point is only 2.58 and the velocity is
582 m/sec (1910 ft/sec) from figure 21. At this same distance 2Z' under
the wake from figures 20 and 21, the Mach number is 3.48 and velocity is
651 m/sec (2135 ft/sec). The Mach number and velocity at the center line
increase again to their final level at near the midpoint of the duct (2 = 0).
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The plateaus in Mach number and velocity are most likely caused by the sidewall-
nozzle seal leak that caused the jet-mixing region that was observed previously
in figures 7 and 8. Further examination of figure 21 reveals that the flow
field on the sidewall outside the wake has viscous effects present for over
twice the boundary-layer thickness of the area under the wake. It was shown

in figures 18 and 19 that there was a pressure gradient between the area on the
sidewalls under the wakes (caused by the multinozzle) and the adjacent areas

not influenced by these wakes; and, that the pressure gradient was usually posi-
tive. In addition to the effects caused by the nozzle-seal leaks, shock waves,
and pressure gradients, the boundary layer under a wake would experience a mass
loss and momentum gain relative to the surrounding fluid with the effect decreas-
ing with distance. The net effect of these phenomena would be to produce a very
nonuniform and complex boundary layer along the duct sidewalls. Additional
survey positions would have revealed a more complete picture of the boundary
layer, but for sidewall panel testing it is sufficient to know that the boundary
layer is nonuniform.

Flow Start Characteristics and Transient Wall Loads

The flow start process of a conventional nozzle and the loads associated
with the process are described in references 17 and 18.

The starting process of the multinozzle is shown in the shadowgraphs of
figure 22. 1In the starting sequence shown, the time and total pressure increase
with numerical assignment of each photograph; however, the magnitude of the total
pressure and time associated with each photograph was not measured. Usually
the interior nozzle starts first with the exterior nozzles starting slightly
later. The starting of the duct can be seen in sequence photograph (8); the
flow separates from both the top and bottom walls with the fully developed
supersonic flow terminated by a strong oblique shock wave on the top and bottom
walls. The shock system is usually not symmetric. The flow downstream of the
oblique shock is supersonic and at a lower Mach number; downstream of this region
is a constant-pressure shear layer separating the subsonic flow from the mixed-
flow supersonic region. The wake flow from the lower nozzle decelerates through
a strong curved oblique shock. The interaction of the top oblique shock with
the flow from the top nozzle consists of a number of strong oblique shocks inter-
acting with the top-nozzle shocks and developing wake. This complex flow system
moves quickly down the duct and in sequence photograph (9) of figure 22 the flow
is seen to be completely started.

The experimentally determined operating envelope for the multinozzle wind
tunnel is shown in figure 23 which shows the minimum combination of plenum-
chamber total pressure and ejector total pressure, normalized by ambient pres-
sure, necessary to start the tunnel and the minimum combination necessary for
keeping the flow started (unstart boundary). Calculation of the operational
boundaries can be made using the methods outlined in reference 19 and a good
description of the starting and operating limits of supersonic wind tunnels
using auxiliary air injection downstream of the test section may be found in
reference 20. The start and unstart pressure transients on the duct sidewalls
were measured with the single-stage variable Mach number ejector set to operate
at a Mach number of 4.33; during the starting loads tests, the mean ejector
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total pressure was 2930 + 62 kPa (425 * 9 psia). The total pressure required
for starting the duct was 483 + 21 kPa (70 + 3 psia) and the minimum run pres-
sure was 324 + 6.9 kPa (47 + 1.0 psia); these operating points are shown on
figure 23. The flow start and unstart loads are about the same and are

20.0 + 3.45 kPa (2.9 * 0.50 psia). Another wind tunnel was built using a con-
ventional nozzle with the same duct, supersonic diffuser, ejector, mixing tube,
and subsonic diffuser as those of the multinozzle-duct apparatus evaluated in
this report. The starting pressure transients on the walls of that duct were
considerably lower than the duct walls of the multinozzle at 4.83 * 2,07 kPa
(0.7 + 0.30 psia). The design pressure loading for lightweight metallic reentry
thermal-protection-system structures is usually 14 kPa (2 psia) or less. (See
p. 13 of ref. 21.) Thus, the starting loads imposed on the panel by the
multinozzle-duct apparatus may be too high to be acceptable.

CONCLUDING REMARKS

A multiple nozzle array (multinozzle) of three nozzles with an attached
duct was tested at ambient enthalpy and a total pressure of 5.78 atmospheres.
The purpose of the tests was to evaluate the suitability of such an apparatus
for testing thermal protection systems (TPS) panels for hypersonic and reentry
vehicles mounted in the sidewall of the duct downstream of the nozzle array.
Pitot and static pressure measurements and photographs were made of the flow
field in the duct; and measurements on the sidewalls of the duct were made
that included the sidewall boundary layer, the pressure distribution, and the
transient loads caused by starting the tunnel.

The investigation of the free-stream flow field revealed a very complex
flow field dominated by wakes from the multinozzle and, to a lesser extent,
shock waves from the same nozzles. The wakes from the multinozzle were shown
to be continually mixing with the surrounding fluid. The effect of the wakes
and shocks on the duct sidewalls was pronounced, especially in the beginning
of the duct. WNear the exit of the duct the variation of the duct sidewall pres-
sure had decreased to 8.5 percent about the mean local wall pressure. The
boundary layer on the sidewall of the duct was nonuniform. The boundary-layer
thickness under the wakes was less than one-half that of the boundary layer in
the region near the center line near the duct exit. Transient pressure loads
(20.0 £+ 3.45 kPa (2.9 + 0.50 psia)) caused by starting or unstarting the flow
were too high for lightweight TPS panels. From these tests it was concluded
that the multinozzle-duct apparatus would not be suitable for testing TPS panels.
However, the information presented about the design of the apparatus and the
flow field in the duct should be of considerable interest to designers of high-

energy gasdynamic lasers.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

October 24, 1978
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TABLE I.- SIDEWALL-PRESSURE-ORIFICE LOCATIONS

Vertical locations

Y/E

0
.125
. 250
.375
.438
.500
.563
.625
.750
.875

1.000

1.125

1.250

1.375

Axial locations
X/E

0.282
1.375
2.282
3.250
4.13
4.78
6.25
7.16
8.25
9.16
10.25
11.00
11.66
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TABLE II.- FLOW-FIELD SURVEY LOCATIONS

Vertical survey locations (Z = 0)

Y/E X/BE
-1.375 to 1.375 1.38
(in increments 3.25
of 0.063) 7.16
9.16

11.66

Boundary-layer survey locations

X/E Y/E zZ'
9.16 0 0.051 em (0.02 in.) to
-.5 2.54 cm (1.00 in.)

(in increments of

0.064 cm (0.025 in.) or
0.127 cm (0.05 in.)
(depending on position))




} Flow
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L___ ~ 16.51 (6.50)

— X

e—— 4.095 (1.612) 4

7.62
(3.00)

—_—
B
———1—> Flow
y?
1270 v - "
. x!
(0.50) A ‘
/Jz
¢ = 20.605 (8.112)
y* = 0.1021 (0.0402)
Nozzle rcbirml—tour A g‘j Nozzle contour B
/0| yi | wze | oy a x/0 |yt
0.0000 24.8756 | ]0.5200 18,2488 0.7764 23.6343
.0105 14.9080 .5463 19.0672 .7801 23.6766
.0580 4.0199 .5720 19,7985 .78317 23.7114
.0858 1.8152 .5972 20.4527 .'7889 23.7612
.1005 1.2687 .6220 21.0373 L7910 23.7761
.1130 1.0647 .6463 21,5647 L7932 23.7935
.1192 1.0100 .6702 22.0348 .7951 23.8060
.1233 1.0000 .6937 22.4552 .7963 23.8134
.1479 1.0174 L1167 22,8308 .7982 23.8234
.1855 1.1219 L7394 23.1617 .7994 23.8308
.2066 1.2761 1617 23.4577 .8013 23.8383
.2180 1.5896 .7837 23.7189
L2267 1.9602 .8054 23.9453
.2449 3.1244 .8267 24.1443
.2641 4.5274 .84178 24.3134
.2930 6.7015 .8685 24,4577 Note: Nozzle
.3354 9.7189 .8889 24,5771 contours are same
.3703 11.8209 .9091 24.6'766 except as listed.
.4093 13.8458 .9291 24,7537
.4378 15.1517 .9482 24.8085
.4519 15.7488 .9681 24,8483
.4796 16.8358 }]1.0000 24.8756

Figure 2.- Nozzle coordinates.
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Gland seal
0.160 (0.063)
O-ring used

Enlarged view of nozzle seals

Side seal of room-temperature vulcanizing rubber

0.157 (0.0

62)
Distance to outer
edge of gland

Supersonic diffuser Ejector Mixing tube

Figure 3.- Multinozzle-duct test apparatus. All dimensions are in

Subsonic diffuser

—

L-71-7684.1
cm (in.).
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(a) Pitot and static probes used for vertical (Y) survey.

Figure 4.- Flow-field survey probes and apparatus. All dimensions are in cm (in.).
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.Position potentiometers'

-Pitot probe

Nozzle array

L-78-150
{(b) Vertical (Y) traverse arrangement.

Figure 4.- Continued.
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-0 12—
(0044)

0.635 {0250
0.102 (0.040) 0.D., 0.015 (0.006) wall thickness
1778 Fatten and Taper
(0.700) P
3429 (1.350) 0.160 _(0.063) 0.D., 0.025 (0.010) wall thickness
g 0.318 (0.125) 0.D.,0.043 (0.017) wall thickness
2

¢
2,032 (0-800).‘- (gg'g%) < 0.254 (0.100)

(c) Boundary-layer pitot probe.

Figure 4.- Concluded.




Shock waves identified as I or II
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Figure 5.~ Shadowgraph of nozzle exit flow, air-gap spark source.
-3.68 cm (-1.45 in.) £ X £ 7.75 cm (3.05 in).
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Figure 6.-
showing

Shock waves identified as I or II
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Vertical knife edge schlieren photograph
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Figure 7.~ Shadowgraph of duct flow, air-gap spark source, emphazing wake flow.

12.95 em (5.10 in.) £ X £ 26.67 cm (10.50 in.). Shock-wave positions are
drawn on photograph and identified.
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Figure 8.- Shadowgraph of duct flow. Air-gap spark source. Shock waves are not visible.
32,38 cm (12.75 in.) £ X S 49.40 cm (19.45 in.).
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Figure 9.- Pitot pressure variation at five axial stations in the duct.

Py ¢ = 586 kPa (85 psia).
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Figure 10.- Static pressure variation at five axial stations in the duct.

Pt,c = 586 kPa (85 psia).
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Figure 11.- Mach number variation at five axial stations in the duct.



(113

km
sec

0 . 2.3 % 10°
.68
2.2
.66
64 —2.1
| ft
.62 | Sec
—2.0
.60
.58 U —1.9
Q
6L ‘
\ | | 1 [ ! 1.8
1.5 -1.0 -5 0 5 1.0 L5
Y/E
(a) X/E = 1.38.
70 ~2.3 x 10°
.68
J2.2
.66
B4 21 e
62 1 |
" 2.0
.eoL—
sl | 1 ! ! | 1.9
1.5 -1.0 -5 0 5 1.0 1.5
Y/E
(b) X/E = 3,25,

Figure 12.- Velocity variations at

km
sec

km
sec

five

01—

62—

2.3 x 103

.68 —

66— ft
sec
.64 — —2.1

-1.5

Y/E
(d) X/E = 9.16.

2.2 % 103
.66
£t
.64 21 K
.62
| ! [ 1 1 I 2.0
1.5

(e) X/E = 11.66.

axial stations in the duct.



.15

pl’
.10 3
1b/it
kg/m® .05 /
0
.15
Pl,
.10 3
o/t
kg/m3 g5 /
0
.15
Py,
1 , .10 b/itS
kg/m°” o5
0
15
P
1’3 .10 1b/5t3
kg/m° 05
0!
Y/E
(d) X/E = 9.16.
.15 .01
pl’
\ .10 LC b /it
kg/m® o5
ol — | v | 0
-1.0 0 1.0

Y/E
(e) X/E = 11.66.

Figure 13.- Density variations at five axial stations in the duct.

31



43

a
i \O\ = O a
T O —— - -0 )
- - - ﬂ
4 =
e oA
3 e
B O Free stream, present investigation
(O Free stream, data from reference 2
2 |_ <> Wake center line, present investigation
| /A Wake center line, data from reference 2
1 | ] A ] L ] ] ] | ]
0 1 2 3 4 6 7 8 9 10 11 12

Figure 14.- Axial Mach number variation.
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Figure 16.- Axial variation of wake width.
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Symbol | Source Scale X,, cm (in.) | E, em (in.) | t, cm (in.)

O | suesent| X% | 1.02 0.40) | 3.08 (2.0)

E —

X - XO

a Ref. 2 1.02 (0.40) 2.54 (1.0)

E

X-X

O |Refs 12 ° | 1.65 (0.65) 0.0102 (0.004)
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s
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Figure 17.- Normalized axial variation of 1,/w2 along the wake.
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Figure 18.- Duct-sidewall pressure variation with vertical distance.
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Figure 19.- Duct-gidewall pressure variation with axial distance.
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